Abstract-In this paper, we study the effect of sinusoidal textures on light absorption properties in an ultrathin amorphous silicon (a-Si) solar cell with conductive transparent layer composed of dielectric/metal/dielectric layers by using 2-D optical simulation. We found that the absorption at visible region can be enhanced at an optimized period (P) and height (H) combination, despite the weakening of a cavity resonance at the a-Si layer. The shortcircuit current density for the structure with P = 300 nm and H = 180 nm showed a 52% higher value than that of the reference. A random texture was also simulated, and the absorption spectrum of the a-Si layer was reproduced by superposition of those with sinusoidal textures weighted by power spectrum density of the random texture, which implies the superiority of sinusoidal texture over random texture.
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I. INTRODUCTION

I
N the wake of increasing demands toward further application of solar cells, significant amounts of effort have been put forth in developing semitransparent and colored photovoltaics (PV) [1] - [4] . Recently, amorphous silicon (a-Si)-based transmissive colored solar cells and reflective colored solar cells have been proposed and demonstrated by Lee et al. , providing a-Si solar cell with a new design application, such as building integrated PV [3] , [4] . In contrast with the case of a conventional a-Si solar cell consisting of transparent substrate/transparent metal oxide (TCO)/p-i-n a-Si/TCO/back electrode, there are two characteristic features in these works to make vivid reflective and transmissive colors.
First, an intrinsic a-Si is sandwiched between thin p-type metal oxide and n-type organic compounds, instead of p-and n-doped a-Si. As a result, a-Si thickness could be reduced as thin as several nanometers. By reducing a-Si thickness (usually several nanometer to a few tens nanometer), only a firstorder Fabry-Perot resonance is located at visible wavelength range, which is not achievable in conventional p-i-n a-Si structure where p-and n-layers alone already add up to 40-50 nm. The metal oxide and the organic compounds used in [3] and [4] have much lower refractive indexes than that of a-Si and, therefore, do not influence strongly to the resonance conditions. The second feature is that dielectric/metal/dielectric (DMD) layer is employed as an alternative for conventional TCO. Here, the metal layer works not only as a conductive layer but also as an effective reflector for a-Si cavity, leading more enhanced optical resonance than that in the case of conventional TCO layer [5] , [6] .
As a result of strong resonance at visible wavelength, specific transmissive or reflective colored solar cells were obtained by optimizing the structure [3] (hereinafter, it is referred as an ultrathin a-Si/DMD structure).
In these configurations, however, the thickness of a-Si was generally limited to several tens nanometer and light absorption is much suppressed at noncavity resonant wavelength. Here, in the spirit of using surface texturing to improve light absorption in the conventional a-Si solar cell [7] , we investigate how similar approach can help to improve the photocurrent generation in the ultrathin a-Si/DMD structure.
Texturing effects for conventional thin-film silicon solar cell have been widely studied from both experiment [7] - [9] and simulation [10] - [16] proved to be quite effective to improve the light absorption. In the simulation studies, fully rigorous 3-D simulation is required for the realistic 2-D interfaces, especially for the randomly textured ones. On the other hand, full 3-D simulation takes long simulation time and requires large memory. Therefore, a 1-D periodic morphology, which could be rigorously simulated by 2-D optical simulation, has been often used as a prototype of texturing. Campa et al. systematically optimized a 1-D periodic texture (grating structure) with different unit cell shape (rectangular, triangular, sinusoidal, and U-like one) for the conventional a-Si solar cell (ITO/p-i-n a-Si/ZnO/Ag) by an optical simulation and attained a significant enhancement for each optimized unit cell shape over the UV to near IR range, and the corresponding enhancement to the short-circuit current density is 20-30% [12] , [13] . The optical absorption enhancement at the short wavelength region was mainly attributed to an antireflection (AR) effect, while that at longer wavelength was attributed to both the light scattering and AR effects. Solntsev et al. conducted a simulation on the structure of glass/ZnO/p-i-n a-Si/ZnO/Al with trapezoid period and found three times larger photocurrent density at 660-1000 nm wavelength range in several optimal combinations of grating geometry [10] . However, the optimization is generally dependent on the configuration of each layer, thickness, and its morphology, and hence, texturing effect should be different in the ultrathin a-Si/DMD structure.
There are several distinguishable optical features in the ultrathin a-Si/DMD structure with nonplanar surface. First, light trapping occurs within wider wavelength range because the thickness of a-Si (typically a few tens nanometers) is too thin to absorb incident light by one pass length, even at short wavelength. Second, texturing weakens optical cavity effect that is characteristic of the colored ultrathin a-Si/DMD structure. Third, plasmon-mode induced by the roughness in DMD layer could affect light scattering and localized electric field [6] . Therefore, the texturing effect in ultrathin a-Si/DMD solar cell has both advantages and disadvantages, compared with conventional a-Si solar cell.
Here, we investigate how the optical performance in the ultrathin a-Si/DMD structure is improved with a sinusoidal texture, where the roughness is scanned as a function of period (P) and height-to-period ratio (H/P). We also investigate randomly textured roughness as a prototype of realistic case. By estimating the light absorption of each layer, the roughness effect will be discussed.
II. MODELING
Two-dimensional optical simulation was carried out by a commercial finite-element method package (COMSOL RF Modules [17]). Fig. 1(a) shows a schematic diagram of the reference structure having all flat interfaces: glass/WO 3 (25 nm)/PTCBI(5 nm)/Ag(20 nm)/V 2 O 5 (8 nm) /a-Si(25 nm)/ICBA(5 nm)/C 60 surfactant (5 nm)/thick Ag, which is based on the reflective colored solar cell structure reported in [4] . The multilayer structure composed of WO 3 /PTCBI/Ag/V 2 O 5 works as a transparent electrode layer and V 2 O 5 also works as p-layer, whereas ICBA/C 60 surfactant works as n-layer. We note that the thickness of the a-Si layer throughout this study is 25 nm that results in a strong resonance at 610 nm [see Fig. 1(b) ]. The refractive indixes of WO 3 , PTCBI, Ag, V 2 O 5 , and a-Si used here were shown in Fig. 2(a) and (b), which were measured by a spectroscopic ellipsometry (M-2000, J. A. Woollam Co.). Real parts of refractive index for glass, ICBA, and C 60 surfactant were set to be 1.45, 2.1, and 1.75, respectively, and imaginary parts zero.
Cyclic boundary condition was employed for the boundary perpendicular to the layers in order to reproduce periodic sinusoidal interfaces. Perfect-matched layer was introduced at the end side of glass and Ag back electrode to make the semiinfinite boundary, and hence, the simulation result is independent of glass thickness. Interface of each layer was modulated conformally. The sinusoidal interface was parameterized by the period (P) and height over period ratio (H/P), as shown in Fig. 1(d) . The range of P was set from 10 to 1000 nm and that of H/P from 0 to 2.5. Wavelength was scanned from 300 to 800 nm by a 10-nm step. Transverse electric (TE) and transverse magnetic (TM) polarizations were simulated separately. By averaging the absorption data for the TM and TE polarization, the unpolarized condition was estimated. The short-circuit current density (J sc ) is calculated by
where e, λ, h, and c are elementary charge, wavelength, Plank's constant, and speed of light, respectively. I AM1.5 (λ) is AM 1.5 solar spectrum. The quantum efficiency (QE(λ)) is assumed to be equal to the absorption spectrum of a-Si layer, which means that all absorbed photons contribute to photocurrent. This assumption is approximately true because the a-Si layer is much thinner than the charge carrier diffusion length, where the charge recombination is significantly suppressed [3] , [4] . The surface morphology of electrodeposited ZnO measured by AFM (2 μm × 2 μm) was employed as a prototype of randomly textured surface. Two-dimensional simulation was performed by using a cross-sectional image of the 3-D morphology. In order to adequately evaluate 2-D randomly textured surface, the cross sections were taken with respect to every 250 nm for one side (in total, nine cross sections). Simulations were performed for each texture, and absorption spectra were averaged. To maintain the surface continuity, each cross section was duplicated with a mirror image and one edge is connected to the edge of the counterpart. Each interface was modulated conformally.
III. RESULTS AND DISCUSSIONS
A. Period and Height Dependence
Before focusing on the texturing effect, we briefly explain the absorption and reflection profile in the reference cell as shown in Fig. 1(a)-(c) . Although the a-Si thickness is as thin as 25 nm, a strong absorption peak is observed at 610 nm that is attributed to the nontrivial reflection phase shifts between the absorbing material and metal [3] , [4] , [6] . The resonance is angle independent due to a phase cancellation effect between the reflection phase and the propagation phase inside the FabryPerot cavity [18] , [19] . As a result, a strong dip in the reflection spectrum appears at 610 nm [see Fig. 1(c) ], leading to distinct cyan color. It should be noted that a specific color can be created by modifying the thickness of a-Si layer [4] .
By using a nonplanar interface, light trapping effect and antireflection effect could enhance light absorption as in the case of conventional a-Si solar cell, but we also anticipate the weakening of the optical cavity effect, and surface plasmon coupling with textured thin Ag layer could induce additional effects.
To see the general trend of the sinusoidal interface, the absorption spectra of a-Si layer with P ranging from 10 to 400 nm and H/P fixed to 0.6 for each polarization are shown in Fig. 3 , as well as that of the reference. In TE mode [see Fig. 3(a) ], the spectra for the structure with P of 10 and 20 nm are almost similar to that in the reference. This is anticipated as the modulation depth is small enough as compared with the wavelength. With increasing P, a resonance peak gradually shifts to the shorter wavelength and the absorption at visible range gradually increases. The blue shift of the resonance is attributed to the fact that the leakage of the field is significant for the sinusoidal interface, as compared with the flat surface, which results in a lower effective refractive index of the resonance. The absorption enhancement at shorter wavelength is due to a coupling of waveguide modes via sinusoidal nonplanar surface. When P is 100 nm or more, broad absorption enhancement is observed, as a result of light trapping in the wavy waveguide. On the other hand, a significant change is observed in TM mode as shown in Fig. 3(b) . Absorption at optical resonance peak (610 nm) decreases with the increase of P and disappears at the cell structure with P of 40 nm or more. This is due to the grating assisted excitation of the surface plasmon at the metal/dielectric interface, which leads to energy dissipation into the metal layer and adjacent dielectric layer. As a result, J sc in TM mode with P less than 100 nm is lower than that in the reference cell (5.47 mA/cm 2 ). For unpolarized light (average of TE and TM mode), when P is small enough compared with wavelength (typically less than 60 nm), a resonance effect is strongly weakened with increase of period, whereas there were no significant deviation from reference spectrum in nonresonant wavelength region (580 nm or less). With increase of P over 60 nm, resonance peak decreases and absorption at visible range is strongly enhanced. On the other hand, it is observed that the reflection at nonresonant wavelength is suppressed; the averaged reflectance over 400-550 nm decreases from 57% (reference) to 12% at optimal structure (P = 300 nm). The reduced reflection is attributed to the enhanced absorption resulting from the light trapping in the wavy waveguide at shorter wavelengths. In total, J sc could be improved in period longer than 150 nm. Fig. 4 shows J sc as functions of P and H/P for each polarization. When the roughness is small, specifically, when P is less than 150 nm or H/P less than 0.2, J sc enhancement is not clearly observed. When P is larger than 300 nm, J sc peaks at H/P of 0.6-0.8, corresponding to an enhancement by more than 50%. The first local maximum of the lowest P and H/P is located at P = 300 nm and H/P = 0.6 (J sc of 8.34 mA/cm 2 , +52% versus the reference with all planar layers). Interestingly, the texture size is similar to those reported as optimized one for conventional a-Si solar cell (P = 300 nm and H = 300 nm for sinusoidal interface [14] , P = 250 nm and H = 250 nm for tra pezoid structure [12] ), although different mechanisms govern the absorption at the a-Si layer for the conventional structure and for the ultrathin a-Si/DMD structure. Considering the feasibility of the precise fabrication, where it is required to make multilayer consisting of each layer with the thickness of several nanometer to several tens nanometer on nonplanar surface, we believe this shape could be achieved in the actual processing.
B. Comparison With Conventional TCO
To elucidate the mechanism of the absorption enhancement, the absorption spectra of a-Si layer, DMD layer (WO 3 /PTCBI/Ag/V 2 O 5 ), and back Ag electrode for reference cell and the textured cell with the structure of P = 300 nm and H/P = 0.6 are estimated, as shown in Fig. 5(a)-(c) . It is found that the absorption loss at DMD layer is more strongly increased for TM polarization than TE polarization as compared with reference [see Fig. 5(c) ]. On the other hand, the absorption loss at back electrode is less dependent on polarization and comparable with that in the reference [see Fig. 5(b) ].
We also simulated the solar cell structures where WO 3 /PTCBI/Ag/V 2 O 5 was replaced by ITO (140 nm)/V 2 O 5 (8 nm) (we abbreviates it as a-Si/ITO structure hereinafter) in order to estimate the specific effect in DMD layer [see Fig. 5(d)-(f) ]. Contrary to the case of a-Si/DMD solar cell, the absorption loss in transparent conductive layer (ITO/V 2 O 5 ) is less dependent on polarization, and the difference of the absorption loss between the reference and the textured cell is small at the wavelength range below 630 nm [see Fig. 5(f) ]. On the other hand, absorption loss at back electrode in a-Si/ITO is strongly enhanced in comparison with the reference, especially for TM mode [see Fig. 5(e) ].
Strong polarization dependence of absorption loss in DMD layer in a-Si/DMD solar cell implies that surface plasmon excitation by the sinusoidal metal layer in DMD may work as absorption loss mechanism, which could also be verified by the different trend between a-Si/DMD and a-Si/ITO. Nevertheless, J sc is strongly enhanced in sinusoidal a-Si/DMD case thanks to the absorption enhancement at 300-550 nm wavelength range. Stronger loss at DMD layer in textured cell suggests that 6 . (a) Surface morphology of a textured surface taken from electrodeposited ZnO, (b) calculated absorption spectra of a-Si in a randomly textured structure (a black thick curve) and that of superposed sinusoidal structure with different period weighted by PSD (a red thick curve) for TE polarization, and (c) that for TM polarization. Absorption spectra of a sinusoidal structure with different period are also shown in thinner curves.
precise control of morphology in DMD layer is more crucial for the actual fabrication to prevent unwanted absorption loss.
C. Comparison With Randomly Textured Structure
Atomic force microscopy (AFM) image of the ZnO (2 μm × 2 μm) with rough surface prepared by electrochemical deposition described in [20] is shown in Fig. 6(a) . The root-mean square value is estimated to be 40.7 nm, suitable for conventional thin-film silicon solar cells [9] . Fig. 6(b) shows an averaged absorption spectrum of a-Si with a 2-D random rough cross sections. As is observed in the sinusoidal curves, the resonance peak in TM is more suppressed than that in TE mode. On the other hand, absorptance in 400-600 nm is in ca. 30-40% range and there is no specific peak. The J sc of a randomly textured surface for TE and TM polarizations are 7.25 and 5.33 mA/cm 2 , respectively, which is smaller than those with the optimal sinusoidal texture. To further elucidate the contribution of roughness, we focus on the power spectrum density (PSD) in the 3-D morphology of the rough ZnO film, where a peak position is located at 2.5 μm −1 . The absorption spectra of a-Si in the sinusoidal structure with the corresponding periodicity and different height deviate from that with randomly textured one. Rather, we found that a superposition of spectra with different periodicity weighted by the PSD reproduces the spectrum for the randomly textured surface well, shown as thick red curve in Fig. 6 . Based on this finding, we can investigate the effect of the random texture from the contribution of each sinusoidal period for PSD. Among sinusoidal texture cases, the J sc in those with the period of 125 nm or less in TM mode is suppressed by more than 10% compared with reference. The contribution of these components in PSD was as much as 13%. Therefore, reduced absorption in TM mode could partly stem from the same loss mechanism as in the case of sinusoidal structure with small P and high H/P, i.e., the excitation of surface plasmon at metal-dielectric interface. Suppressing small roughness component is one of key factors for the actual roughness optimization. It is also implied that the optimized sinusoidal structure works better than the random case. Even in optimal sinusoidal case, the small roughness induced in the actual fabrication should be taken into account for the experimental verification.
IV. CONCLUSION
The effect of sinusoidal textures in a-Si/DMD solar cell has been systematically investigated by 2-D optical simulation. Although texture in DMD layer induces optical loss at transparent conductive layer, as well as weakening cavity resonance, the absorption at visible region could be enhanced at certain P and H combinations. Limiting P to 400 nm or less, the highest J sc is 8.34 mA/cm 2 (+52% over the reference J sc ) at P = 300 nm and H/P = 0.6. In case of randomly textured prototype, a distortion of the optical resonance and broad but weak absorption enhancement in visible region is specified. The absorption spectrum could be reproduced by the superposition of spectra for the sinusoidal morphology with different period weighted by PSD, which suggests that the optimized sinusoidal structure works better than random case. Although there should be different optical mechanisms affecting absorption in a-Si/DMD solar cell, the surface texturing could be a useful approach to improve J sc . In addition, the studies presented here is also helpful to evaluate the impact of the film thickness variation or interface roughness to the performance colored a-Si PV described in [3] and [4] .
